Aims/hypothesis. Aldosterone blockade has followed in the footsteps of ACE inhibition in reducing mortality in patients with heart failure. This is associated with its beneficial effects on endothelial function and heart rate variability. Diabetes is another area, where angiotensin II withdrawal has proven to be of particular value. We postulated that aldosterone blockade with spironolactone might also have beneficial effects on the prognostic markers of endothelial function and heart rate variability in diabetic patients. Methods. We assessed endothelial function by forearm venous occlusion plethysmography in 42 patients with Type 2 diabetes mellitus after 1 month of treatment with spironolactone or placebo allocated in a randomised double-blind trial. Of the 42 patients, 20 were on ACE inhibitor therapy. We also assessed heart rate variability, HbA 1 c and plasma angiotensin II levels at the end of each treatment period. Results. Compared to placebo, spironolactone decreased forearm blood flow response to acetylcholine by 44.56±14.56% (p=0.003) in the group as a whole and by 57.61±15.56% (p<0.001) in the 20 patients on ACE inhibition. Spironolactone also worsened heart rate variability parameters, with root mean squared standard deviation decreased by 1.99±0.93 ms (p=0.03), low-frequency normalised power increased by 2.00±0.91 normalised units (nu) (p=0.03), high-frequency normalised power decreased by 1.98±0.94 nu (p=0.04) and the low frequency : high frequency ratio increased by 0.40±0.19 (p=0.04). HbA 1 c and angiotensin II increased during treatment with spironolactone by 0.26±0.07% (p=0.001) and 8.12±1.94 pg/ml (p=0.001) respectively. Conclusions/interpretation. Spironolactone worsened endothelial function and heart rate variability in patients with Type 2 diabetes. These findings are possibly due to the worsening of glycaemic control and increase in plasma angiotensin II that were seen with spironolactone treatment. Thus the prescription of spironolactone to diabetic patients without heart failure does not seem to be justified. 
Introduction
Type 2 diabetes is associated with a high rate of cardiovascular events, and this remains so, even when glycaemic control is optimised [1] . It is therefore necessary to look to other strategies to improve cardiovascular prognosis in Type 2 diabetes.
It is well known that Type 2 diabetic patients suffer from endothelial dysfunction [2, 3] and poor heart rate variability [4, 5] , both of which are adverse cardiovascular prognostic markers [6, 7, 8, 9, 10, 11, 12 ]. Angiotensin-converting enzyme inhibition improves both of these prognostic markers in diabetes [13, 14] and is also associated with an improvement in morbidity and mortality in diabetic subjects [15] . It is thought that ACE inhibitors beneficially affect these parameters by reducing angiotensin II bioactivity [16, 17] . However, ACE inhibition only poorly suppresses aldosterone, which is a cardiovascular culprit with the same adverse effect profile as angiotensin II [16] .
In patients with heart failure ACE inhibitors have long been recognised to be beneficial. Now the RALES and EPHESUS trials have shown that adding an aldosterone blocker to an ACE inhibitor in these patients further reduces mortality [18, 19] . This is thought to be due to blockade of the main adverse cardiovascular effects of aldosterone, i.e. endothelial function and heart rate variability [20, 21] . We therefore wondered whether aldosterone blockade would produce similar beneficial effects in other situations where vascular dysfunction is prominent and where angiotensin II withdrawal has already proven to be of particular benefit. In the HOPE, LIFE and PROGRESS studies [15, 22, 23] , angiotensin II blockade was most efficacious in subgroups of diabetic patients. This prompted us to investigate whether aldosterone blockade with spironolactone would improve endothelial function and heart rate variability in Type 2 diabetic subjects.
We chose to study endothelial function, because it is well known to be a good independent predictor of future cardiovascular risk [6, 7, 8, 9, 10, 11, 12] , and because treatment-induced improvements in prognosis are usually mirrored by improvements in endothelial function [24, 25, 26] , which is why endothelial function has been called a barometer of vascular health [27] .
We also postulated that spironolactone might improve heart rate variability in this patient group, just as it does in patients with heart failure. Heart rate variability is known to be poor in diabetic patients, and has, like endothelial function, also been linked to cardiovascular prognosis [5, 28] .
Subjects, materials and methods
Subjects. We recruited 42 Caucasian patients with Type 2 diabetes mellitus from the diabetes clinic at Ninewells Hospital and Medical School, Dundee, Scotland. All regular medications had to be stable for 6 weeks prior to entry into the study and during the study period. Patients were excluded if they had evidence of heart failure at screening or a previous history of heart failure. They were also excluded if they were on insulin or warfarin therapy. For comparison purposes, 9 age-matched healthy volunteers, recruited via advertisement, were also studied using the same protocol (below), but without Holter monitoring.
Study protocol. This study followed the protocol of two of our previous studies looking at the effects of spironolactone on endothelial function in patients with heart failure [20, 29] . One month of therapy with spironolactone (50 mg/day) was compared to placebo in a randomised, double-blind trial with a 2-week washout period between treatments. All patients attended at intervals of 1 to 2 weeks to allow monitoring of potassium levels and dose titration of spironolactone. Dose titration was performed by a research nurse, who was not involved in the acquisition or analysis of results. Each subject attended for endothelial function studies, 24-hour Holter monitoring and blood tests as described below at the end of each treatment phase.
All subjects gave written informed consent to participate in the study, which had been given prior approval by the Tayside Committee for Medical Research Ethics. The investigation conformed to the principles outlined in the Declaration of Helsinki.
Endothelial function studies. Endothelial function was studied by the technique of strain gauge plethysmography, which has been described in detail [30] . Studies were performed at the same time each day in each patient, after an overnight fast. Oral hypoglycaemic tablets were omitted on the morning of the study, all other therapies were taken as normal. Subjects were asked to refrain from caffeine or alcohol for at least 12 hours prior to each study visit. Endothelial function testing was performed with the patient supine, in a quiet, temperature-controlled room (20-24°C). After the subject had rested for 15 min in a supine position, the brachial artery of the nondominant arm was cannulated under local anaesthesia using a 27-gauge needle mounted on a 16-gauge epidural catheter. All drugs were infused using a constant rate infuser at a rate of 1 ml·min −1 . After 15 minutes of saline infusion, baseline readings for forearm blood flow (FBF) were obtained. After 3 baseline readings, vasoactive substances as outlined below were infused, with a washout in between, to allow flow to return to baseline. FBF measurements were taken for the final 2 minutes of each 7-minute infusion. FBF was measured in the control arm and the infusion arm. Control arm blood flow was measured to confirm that the vasoactive compounds were not systemically active. Control arm blood flow can also be used to control for basal blood flow alterations during the experiment, and this is why the ratio between the infusion arm and the control arm was calculated.
Vasoactive substances. Acetylcholine (Novartis, Frimley, UK) was infused at doses of 50 and 100 nmol·min −1 . This was followed by sodium nitroprusside (SNP) (Faulding Pharmaceuticals, Leamington Spa, UK) at a single dose of 37.8 nmol·min −1 . Each substance was infused for 5 minutes before FBF measurements were taken. Acetylcholine is an endothelium-dependent and SNP an endothelium-independent vasodilator.
Heart rate variability. We analysed 24-hour ECG tracings using a Reynolds pathfinder 600 series workstation. Tapes were analysed in the time and frequency domains previously detailed in the literature [31] . In the time domain tracings were analysed for the standard deviations of R-R intervals within each 5-minute time period (SDNNI), the root mean square of differences of successive R-R intervals (RMSSD), the standard deviation of all R-R intervals (SDNN) and the standard deviation of mean R-R intervals every 5 min (SDANN). In the frequency domain tracings were analysed for low frequency, high frequency, the ratio between low-frequency and high-frequency elements and high-frequency and low-frequency elements normalised to heart rate. RMSSD and SDNNI reflect shortterm heart rate variability, whereas SDNN and SDANN are attributed to longer term changes in heart rate variability. High-frequency power is thought to reflect parasympathetic status. The interpretation of low-frequency power is controversial, but the low frequency : high frequency ratio is thought to reflect sympathovagal imbalance.
Blood tests. Blood samples for screening of urate, fasting glucose, urea and electrolytes were analysed in the Department of Biochemical Medicine, Ninewells Hospital, Dundee, using a Roche 917 analyser. HbA 1 c was measured using a Menarini (HA-8140) analyser. Renin and aldosterone were analysed in duplicate by RIA kits (Diasorin, Wokingham, UK). Intra-assay coefficients of variation were 5.2% and 8.1% respectively for renin and aldosterone. For patients not on angiotensin II inhibition, angiotensin II was assayed by a RIA kit (Immuno-Diagnostics Systems, Bolon, UK). Intra-assay coefficients of variation were 5%. For patients on angiotensin II inhibition, angiotensin II was analysed using the assay of Morton and Webb [32] , which is sensitive enough to detect low levels of angiotensin II even in the presence of high levels of angiotensin I. Plasma cortisol was measured using an RIA kit (Diasorin), the intra-assay coefficient of variation was 4.8%.
Statistical analyses. Power calculations were performed by Dr Simon Ogston, Medical Statistician, and were based on data from previous endothelial function studies in our department.
All statistical analyses were performed using SPSS version 10.1 for Windows after a treatment order effect had been excluded.
Results are analysed as change in parameter on active treatment compared to placebo. FBF (ml·min −1 ·100 ml −1 forearm volume) was analysed both in the infusion arm alone and as the ratio between the infusion arm and the control arm. Each was expressed as the percentage change in blood flow from the preceding baseline. The infusion arm alone was used for the primary analyses as there is evidence to suggest that for vasodilator substances this method of analysis is the most reproducible [33] . Data were also analysed for FBF in the infusion arm as a ratio of the control arm. Between-patient characteristics were analysed using independent samples t test. FBF and characteristics between treatments were analysed using twoway ANOVA. When more than three factors were considered for analysis at one time a Bonferroni adjustment was also applied. A p value of less than 0.05 was considered significant. Results are expressed in the text as means ± SEM.
Results
Subject characteristics. Baseline subject characteristics are detailed in Table 1 .
The normal volunteers were age-matched to the diabetic group, but as would be expected they had significantly lower body weight (p=0.04), BMI (p=0.02) and HbA 1 c (p<0.001) than the diabetic subjects. There was no significant difference in blood pressure between the healthy volunteers and the diabetic subjects (p=0.36 and 0.94 for systolic and diastolic blood pressure respectively).
Of the Type 2 diabetic subjects, 20 were already taking ACE inhibitors and 22 were not on any ACE inhibition. Importantly, all 20 subjects on ACE inhibition met the entry criteria (a previous cardiovascular event or another cardiovascular risk factor) for the diabetic subpopulation in the HOPE study [15] .
The differences between the patients on ACE inhibition and those who were not were largely non-significant apart from the fact that more patients in the ACE inhibition group had a history of hypertension (17 vs 3, p<0.001). However blood pressure was the same in each group at screening 143/75 mm Hg (22/11) in the ACE inhibitor group vs 146/81 mm Hg (14/7) in the group not on ACE inhibition (p=NS) ( Table 2) .
Treatment. The average dose of spironolactone was 47.5 mg/day; all but six patients managed to tolerate 50 mg/day after the initial dose titration. Increases in 13 (29) 5 (4) Values are means (SD). * p<0.05 for difference between diabetic subjects and healthy volunteers; *** p<0.001 for difference between diabetic subjects and healthy volunteers. SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglycerides Values for haemodynamic and biochemical characteristics of the diabetic subjects and healthy volunteers for each study day are shown in Tables 3 and 4 . Values for haemodynamic and biochemical characteristics of the diabetic subjects, grouped according to ACE inhibition therapy, are shown in Table 5 .
Blood pressure. There were no significant differences in systolic or diastolic blood pressure between treatment phases when the Type 2 diabetic group was considered as a whole (128/72 mm Hg [20/9] Biochemistry. Spironolactone resulted in a significant decrease in sodium (p=0.05) and increases in renin (p=0.001), angiotensin II (p=0.003) and aldosterone (p=0.001) in the healthy volunteers, relative to placebo.
In the diabetic subjects there was a significant increase in potassium during spironolactone treatment (p<0.001). Uric acid increased by 0.03±0.01 mmol·l −1 (p<0.001) during spironolactone treatment and HbA 1 c increased by 0.24±0.08% (p=0.003). All of these biochemical changes remained significant irrespective of ACE inhibition therapy status (Table 5) . Spironolactone treatment resulted in a highly significant increase in the levels of renin, aldosterone and angiotensin II; the percentage increase in these parameters was similar in those treated and those not treated with ACE inhibitors (Table 5) . Spironolactone also significantly increased plasma cortisol (Table 3) .
Endothelial function. Basal blood flow in both the infusion and the control arm did not differ between placebo and active treatments. There was no significant change in flow in the control arm during study days. In addition, control arm FBF at any point during endothelial function testing did not differ between active treatment and placebo.
All endothelial function results were similar whether analysed in the infusion arm alone or as the ratio between the infusion and control arm. Therefore results presented for endothelial function are those assessed in the infusion arm only.
When comparing the response of the healthy volunteers to acetylcholine during placebo with that of the diabetic patients, it was seen that the former responded to a much greater degree than diabetic subjects. Their response to acetylcholine was greater by 106.66±46.56% (95% CI 8.25-192.98%, p=0.03). Spironolactone had no effect on FBF response to acetylcholine or SNP (p=0.5) in the healthy volunteers when compared to placebo. The mean difference in response to acetylcholine between spironolactone and placebo was −6.9±45.84% (95% CI −99.59 to 85.70%, p=0.88). In the Type 2 diabetic subjects, spironolactone treatment resulted in a significant worsening, relative to placebo, in the FBF response to acetylcholine of 44.56±14.56% (p=0.003), i.e. the FBF response to acetylcholine fell from 250% on placebo to 205% during spironolactone treatment (Fig. 1) . The worsening of endothelial function on spironolactone compared to placebo occurred regardless of whether spironolactone was given first or not. This decline in endothelial function correlated significantly with the increase in HbA 1 c seen during spironolactone treatment (r=0.42, p=0.01).
Subgroup analysis of subjects on ACE inhibition (i.e. those subjects who fulfilled the entry criteria for the HOPE study) showed that the worsening of endothelial function still occurred in these patients and was highly significant. In patients on ACE inhibition, spironolactone resulted in a worsening, relative to placebo, in the FBF response to acetylcholine of 57.61±15.56% (p<0.001).
There was no significant difference in response to SNP between the active treatments and the placebo arm for all diabetic patients, the difference between spironolactone and placebo totalling 1.51±22.0% (p=0.95). Subgroup analysis of patients treated with ACE inhibition also failed to demonstrate a significant difference in response to SNP between spironolactone and placebo (p=0.79).
Heart rate variability. Heart rate variability was not assessed in the healthy volunteers. A total of 31 diabetic patients had data from 24-hour Holter monitoring that was of a sufficient quality to analyse. Results are given in Table 3 .
Spironolactone significantly decreased RMSSD, a measure of short-term variability by 1.99±0.93 ms (p=0.03). SDNNI, another measure of short-term heart rate variability, was also decreased by spironolactone treatment, but this did not quite reach significance (difference between spironolactone and placebo: −2.55±1.47 ms, p=0.09). There was no significant effect of spironolactone on the longer term measures of heart rate variability, SDNN and SDANN. Although spironolactone did not have a significant effect on low-frequency and high-frequency power, when these were normalised, there was a significant increase in low-frequency and a significant decrease in high-frequency power on spironolactone compared to placebo (2.00±0.91 normalised units [nu], p=0.03, and −1.98±0.94 nu, p=0.04 respectively). Spironolactone treatment also resulted in an increase in the ratio of low-frequency to high-frequency power by 0.40±0.19 (p=0.04).
Discussion
Our principle finding is that spironolactone worsened already impaired endothelial function in these subjects with Type 2 diabetes. This worsening of endothelial function also occurred in the subgroup of diabetic patients who were already on ACE inhibition and who fulfilled entry criteria for the HOPE trial, i.e. patients who were known to benefit from ACE inhibition. This is in contrast to our previous studies in patients with heart failure [20, 29] . Endothelial function measured both in the coronary circulation and in the brachial artery has been shown in numerous studies to be a reliable predictor of future cardiovascular events [6, 7, 8, 9, 10, 11, 12] . Furthermore, most therapies that improve endothelial function usually lead to an improvement in prognosis [24, 25, 26] . Indeed, a recent editorial in Circulation called endothelial function a barometer of vascular health, representing an orchestrated response to all the processes that contribute to atherosclerosis development and progression [27] . It is therefore of concern that aldosterone blockade causes endothelial dysfunction in this patient group.
Spironolactone also increased angiotensin II, urate and HbA 1 c (and the degree of worsening of endothelial function during spironolactone treatment correlated significantly with the increase in HbA 1 c), making it unlikely that our findings on endothelial function were due to chance, as angiotensin II, urate and HbA 1 c are each known to be associated with endothelial dysfunction [16, 34] . Not only did spironolactone increase three stimuli, each known individually to be associated with endothelial dysfunction, but our finding that spironolactone worsened endothelial function is highly statistically significant (p=0.003). All of these factors greatly increase the credibility of our main finding that spironolactone worsens endothelial function.
Contrary to what might have been anticipated, spironolactone still had a deleterious effect on endothelial function in patients who were on ACE inhibitors. Patients in the ACE inhibition group fulfilled the criteria for the HOPE study and therefore are known to benefit from renin-angiotensin-system blockade. However, unlike in patients with heart failure, spironolactone did not enhance the beneficial effect of ACE inhibitors in these diabetic patients, appearing on the contrary to be positively counterproductive. As with all medical therapies, there is a risk : benefit ratio, and it may be that the increase in angiotensin II (which was higher in the ACE inhibitor group after spironolactone treatment) and the worsening glycaemic control (as demonstrated by an increase in HbA 1 c) outweighed the potential benefits of aldosterone blockade.
HbA 1 c is a marker of long-term (<3 months) glycaemic control. Our study period, however, was only 1 month. Our results for HbA 1 c should therefore be treated with caution, although, if anything, it is likely that our study underestimated the adverse effect of spironolactone on HbA 1 c. Moreover, although the change in HbA 1 c was small, it is highly statistically significant (p=0.001), and therefore impossible to dismiss. This change was also accompanied by a 0.4 mmol.l −1 increase in fasting glucose, although this latter result did not reach statistical significance.
Our observation that spironolactone increased plasma cortisol is intriguing. It might be because glucocorticoids bind to some extent to mineralocorticoid receptors and that this route of cortisol clearance becomes relatively unavailable when spironolactone is bound to this receptor. One possibility is that this increase in cortisol contributes to an anti-inflammatory effect of aldosterone blockade.
We also demonstrated a small, but significant worsening of heart rate variability parameters during spironolactone treatment. Although these small changes may not be of great clinical significance, the fact that heart rate variability also deteriorated with spironolactone treatment makes it unlikely that the worsening of endothelial function is due to chance, since heart rate variability has been shown to be closely associated with nitric oxide activity [35, 36] .
As would be expected, the diabetic patients in this study were more obese than the control subjects. We cannot therefore be sure whether diabetes or obesity led to the adverse effects of spironolactone. As Type 2 diabetes and obesity are intimately associated, it would be difficult to tease out the culprit here.
In essence aldosterone blockade seems to produce a variety of different effects. These effects are favourable in heart failure, and also in heart failure patients with diabetes [18] , but they appear to be unfavourable with respect to the prognostic markers of endothelial function and heart rate variability in Type 2 diabetic patients without heart failure (including those already known to benefit from blockade of the renin-angiotensin system). Interestingly, the beneficial effects seen with angiotensin II withdrawal in LIFE and HOPE were greater in the diabetic subgroups of those studies, but the opposite trend was seen with aldosterone blockade in EPHESUS, which again gives credence to our findings.
It therefore seems likely that the effects of spironolactone are disease-specific. So far we only know its vascular effects in heart failure and in Type 2 diabetes. In between these two extremes are various patient populations who still might obtain more benefit than harm from aldosterone blockade, e.g. patients with frank hypertension, or other vascular patients. It would therefore be worthwhile to study the effects of aldosterone blockade in these patient groups.
Although our findings only pertain to the particular subgroup of diabetic patients studied here, we recommend that caution be exercised when considering the prescription of aldosterone blockade to diabetic patients without heart failure.
Perspectives. Our study demonstrates a potential downside for aldosterone blockade and raises an important caveat for its future use. It is important to recognise and highlight this downside, so that aldosterone blockade, which is a novel therapy currently under intense investigation, can be allocated an appropriate place in the whole of cardiovascular therapy.
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